Introduction {#sec1-1}
============

Diffusion-weighted (DW) magnetic resonance imaging (MRI) is recognized to have high sensitivity to water diffusion within living tissues; it is also strongly influenced by the structure and geometry features of the tissue related to measured diffusion behavior. DW-MRI has been demonstrated to be a valuable tool to study the human brain.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13]\] In the meantime, it has had successful achievements that were shown in the clinical application of DW imaging (DWI). For instance, it was demonstrated that the earliest stages of ischemic events and changes in the apparent diffusion coefficients (ADC) were recorded and corresponded to changes in the ratio of extracellular/intracellular water content; this was proved to be very supportive in the early detection and assessment of strokes.\[[@ref14][@ref15][@ref16][@ref17][@ref18][@ref19]\] The brain white matter demonstrated that this application is more complicated by the diffusion behavior since it was found that diffusion is much stronger along the white matter fiber tracts compared to perpendicular directions.\[[@ref19]\] Indeed this refers to diffusion anisotropy originated by tissue structures organization. Early quantitative and qualitative assessments of brain of neonatal and infant have showed that such diffusion anisotropy could be a sensitive marker of brain maturation.\[[@ref2][@ref8][@ref9][@ref12][@ref13]\]

This successful clinical overview has impacted in such a way that a greater demand for studying the human brain connectivity which was introduced within a large range of investigation in the neuroscience field, the neurosciences community is involved in fields of research concerned with the functional and anatomical organization of the brain, studying focal lesion deficit, and brain development;\[[@ref2][@ref12][@ref13]\] especially magnetic resonance imaging (MRI) is a unique noninvasive investigation and assessment tool allowing to provide *in vivo* images of the brain for further analysis of brain structure and organization.

Volumes of T1-weighted MRI scans have been used to achieve segmentation of brain structures allowing an automatic parcellation of diffusion tensor imaging (DTI) of the brain white matter and cortex.\[[@ref2][@ref12][@ref13]\] Such high-resolution MRI-based methods are highly suitable to investigate relationships between the anatomical regions within brain space.

In this context, DTI was developed, since it allows characterizing the diffusion behavior of water within tissue on a pixel by pixel basis. This goal is achieved by deriving diffusion coefficient describing the diffusion behavior in any direction in space from a matrix quantity that is the diffusion tensor.\[[@ref2][@ref3][@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13]\] Indeed DTI provides unique quantitative information about brain tissue structure; with completely noninvasive mode while covering the entire brain.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15][@ref16][@ref17][@ref18][@ref19]\] Consequently, diagonalizing the diffusion tensor allows calculating its eigenvalues and eigenvectors as well as sorted eigenvalues and eigenvectors. In such condition, the eigenvector corresponding to the largest eigenvalue is considered to represent the major diffusion direction within the concerned voxel. Considered that, diffusion anisotropy in white matter is originated by a larger limitation or restriction to diffusion across the fiber tissue axes compared to a long them. Hence, the primary eigenvector is to be considered pointing along the direction of a recognized fiber array navigating through the voxel. Thus, mapping directions are made up of the principal eigenvectors which can be generated, providing a striking visualization of the white matter tracts and corresponding orientation.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14]\]

The purpose of this work was to perform a comparative study of the diffusion anisotropy visualization of the human brain anatomical entities. This study consists of using *a priori* knowledge of geometry of white matter tissue while attempting to overcome the constraints related to the evaluation and comparison of three different color maps produced based on DWI and DTI. Those included the following:

The first technique is based on calculating a color map from diffusion-weighted images measured in three perpendicular directions of the measuring frame of reference (x, y, and z)The second technique is based on the three derived eigenvalues from diffusion tensor, which we assign single color code to each eigenvalue obtained in a single pixelThe last technique is based on the three derived eigenvectors corresponding respectively to the sorted eigenvalues, that we assign a single color code to each eigenvector (obtained in a single pixel). The calculated qualitative maps obtained through each approach are compared to the reference anatomy slices abstained through brain dissection.

Materials and Methods {#sec1-2}
=====================

Background of the diffusion tensor theory {#sec2-1}
-----------------------------------------

In DTI, the pixel intensity in the diffusion-weighted image and the diffusion tensor components D~ij~ values is given by the relationship described in the diffusion tensor theory.\[[@ref2][@ref12][@ref13][@ref20][@ref21]\]

The diffusion phenomenon is a physical process involving the water molecules\' random motion in a given medium while being driven by kinetic energy theory. The statistical physics described the phenomenon by the first law of Fick.\[[@ref2][@ref12][@ref20][@ref21][@ref22][@ref23][@ref24][@ref25][@ref26][@ref27][@ref28]\]

![](JMSS-8-73-g001.jpg)

This law supports that a difference in concentration of a given moving molecules is creating a net flux from regions with a high concentration into the direction of regions with low concentration. Where J is the full flux, ∇c is the concentration gradient, and finally, D is the diffusion coefficient. This, the diffusion coefficient D dependents on factors including dimensions of the diffusing molecule and the microstructure characteristics constituting the diffusion medium and its temperature. The diffusion coefficient is given by the Einstein equation:
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Where k~B~ is the Boltzmann constant, T and η are the temperature measured in Kelvin and viscosity of the diffusion medium, respectively, r is the radius of the diffusing molecule.

The net flux vanishes when concentration gradient becomes null; however, molecules do continue moving to support the thermodynamic equilibrium.

This phenomenon is known as Brownian motion and was not been described as a stochastic motion mode. Molecules movement could be represented by a Gaussian distribution displacement model depending on D.

The probability for a given molecule to travel a distance x in the time t is defined by:
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Indeed, the mean square displacement during the time Δt is given by:
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The x distance was traveled by the diffusing molecule during Δt. When there are not any boundaries for molecules motion, diffusion is described as free and follows the random Brownian motion model. This diffusion model is called isotropic.

For an isotropic medium, the diffusion tensor becomes:

D = D~o~. I(5)

Where D~o~ is the scalar diffusion coefficient and I is the unity matrix given by:
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A normalized DT, D/D~o~= D~norm~ should reflect the specific constraint for an isotropic medium, namely that the three diagonal elements must be equal to each other (D/D~o~ = 1) and the off-diagonal elements should cancel to zero. Significant deviations from this property are to be ascribed to systematic differences in sensitivity of the various MRI sequences to diffusion phenomena. Indeed, connecting the observed anisotropy for isotropic media to errors in calibration, misalignment, and cross-talk between the imaging and diffusion gradients has to be assessed.\[[@ref2][@ref12][@ref20][@ref21][@ref22][@ref23][@ref24][@ref25][@ref26][@ref27][@ref28]\]

Nevertheless, when molecules movement is hindered by obstacles, the diffusion will demonstrate preferential direction; that is not associating barrier and the diffusion is said to be anisotropic. This last case is particularly important when studying the diffusion of water within human biological tissue since composed by organized structures that are guiding the water movement which is not diffusing in free mode. Often these structures are not visible with conventional MRI techniques since their dimension magnitudes are smaller than the resolution of a magnetic resonance image.

These aspects are important when interested by brain tissue magnetic resonance images. Thus, various brain tissues are highly characterized by their diffusion properties including white matter, gray matter, and cerebrospinal fluid.\[[@ref2][@ref12][@ref20][@ref21][@ref22][@ref23][@ref24][@ref25][@ref26][@ref27][@ref28]\]

Expression for the b matrix and diffusion tensor {#sec2-2}
------------------------------------------------

It is possible to compute the DT components from the signal intensity in the DW magnetic resonance images, thus,\[[@ref20][@ref21][@ref29]\]
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The b matrix can be calculated as follows:
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where
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and *g* is the gyromagnetic ratio, G(t) = \[Gx(t), Gy(t), Gz(t)\] the column vector representing the gradient pulses in the diffusion imaging sequence, TE the echo time, and x(t) the Heaviside function with:
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The symmetric 3 × 3 tensor D is expressed in the laboratory frame x, y, z as follows:
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In the same frame of reference, expression\[[@ref5]\] can be rewritten under the form:\[[@ref21][@ref30]\]
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*I* (b) is the signal intensity for particular diffusion gradient sensitization, and *I* (0) is the signal intensity measured in the absence of the diffusion gradient sensitization.

The elements of the b matrix b~1~ are computed from Eqs. 6 and 7, with a G (t) that accurately reflects all gradients switched on at any time during the run of the DT MRI sequence.

Eigenvalues {#sec2-3}
-----------

In the previous section DT, D was expressed in the frame of reference of measuring laboratory. After diagonalizing the DT and sorting the calculated eigenvalues, we obtained the diagonal tensor diffusivity, λ, expressed in the following:
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For an isotropic medium, Eq. 10 becomes l = λ~o~. I, where I is the unit tensor and
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Where we have introduced the trace of the DT:
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Fitting the expression\[[@ref1]\] while measuring a sufficient set of experimental points would allow the determination of the diffusion tensor elements *D*~ij~ and of the eigenvalues λ~i~, (i = 1, 2, 3). The sorted eigenvalues (usually sorted in decreasing order λ~Si~: λ~S1~\> λ~S2~\> λ~S3~) of the diffusion tensor are also known as the principal diffusivities.

Eigenvectors {#sec2-4}
------------

Calculated sorted eigenvalues (diffusivities) λ~Si(i=1,2,3)~: λ~S1~\> λ~S2~\> λ~S3~ are rotationally invariant quantities; it is possible to define more intrinsic diffusion quantities for expressing the isotropic/anisotropic behavior of the diffusion phenomena within the brain tissue. Indeed the eigenvectors v~1~, v~2~, and v~3~ corresponding to each of the sorted eigenvalues λ~S1~\> λ~S2~\> λ~S3~, respectively, are calculated according to the matrix algebra theory. In this comparative study, we assume that the eigenvector of the highest diffusivity (λS1) corresponds to the orientation of the fiber tracts the most probable within a pixel.

### Data acquisition of the diffusion-weighted magnetic resonance imaging {#sec3-1}

The diffusion-weighted magnetic resonance images were obtained using a 1.5 Tesla whole body imager system (Magnetom Vision, Siemens, Erlangen, Germany). The system was supplied with an actively shielded gradient system. The maximum gradient strength was 25 mT/m. A database of 8 normal volunteer\'s brains with age ranging from 25 to 34 years was all acquired with this protocol. All individuals consented to undergo the DTI study that was approved by the Local Ethics Committee.

All measurements were done using a manufacturer supplied head coil used for routine head clinical examinations. The DWI was performed using a single-shot DW echoplanar imaging sequence (DW-EPI) following a Stejskal--Tanner methodology.\[[@ref17][@ref18]\]

The MRI parameters were echotime: TE = 123 ms, field of view = 240 mm, square matrix size = 128 × 128, slice thickness of 5 mm. Each diffusion gradient lasted a duration δ = 26 ms, while the time between the start of each of both symmetrical consecutive diffusion gradients Δ = 59.7 ms. Rise times of the diffusion gradients were fixed to ε = 700 μs. The trapezoidal diffusion gradient strengths were 0, 11, and 22 mT/m. The transverse slice orientation was chosen, which was perpendicular to the external magnetic field.\[[@ref1][@ref2][@ref12][@ref13][@ref20][@ref21]\]

The basic measurement duration lasted 38 s, generating a series of 13 images. Each series included of a single image free of diffusion weighting, and one weakly and one strongly diffusion-weighted image for each of six noncollinear magnetic field gradient directions of frame of reference: (0, 0, 0), (1, 0, 0), (0, 1, 0), (0, 0, 1), (1/21/2, 1/21/2, 0), (1/21/2, 0, 1/21/2), (0, 1/21/2, 1/21/2)}. The value of b-matrix components varied from 0.60 to 1225.05 s/mm^2^.\[[@ref1][@ref2][@ref12][@ref13][@ref20][@ref21]\]

In all experiments, the signal to noise ratio (SNR) of the DW-EPI images was increased by averaging over multiple acquisitions, which is commonly done in clinical practice. This was achieved by achieving the complete imaging experiment Nacq times (where Nacq is the number of acquisitions), then the average of the signal of these Nacq measurements was considered for the tensor calculations. As it is difficult to attach a single meaningful SNR to the 13 images comprising a diffusion tensor measurement, we preferred to report the results as a function of the Nacq, which is the same for all these images.

### Data postprocessing {#sec3-2}

The echo-planar diffusion tensor image data were moved from the scanner to a personal computer running Linux for off-line postprocessing. We used C-programs that were developed in our group for this purpose.\[[@ref1][@ref2][@ref12][@ref13][@ref20][@ref21]\] From the 13 DWIs measured for the single slice considered, we derived the six independent components of the diffusion tensor.\[[@ref1][@ref2][@ref12][@ref13][@ref20][@ref21]\] After diagonalization, a sorting routine produced the sorted eigenvalues.

Finally, we calculated the three eigenvectors components corresponding to the sorted diffusivities. All calculations were done on the basis of pixel by pixel.

The first series of color map was based on the DWIs that are calculated using three principal colors, red, green, and blue; these colors are allocated in gray scale of the three DWIs, that corresponding to three orthogonal directions of the laboratory measurement frame of reference x, y, and z, respectively.

The principal color images were then integrated pixel by pixel to form a unique color image.

The second series of color map was originated by allocating the three principal colors, red, blue, and green, respectively, to the images corresponding to three eigenvalues λ~1~, λ~2~, and λ~3~, respectively, of the diffusion tensor. The apportionment of colors was such that the colors red, green, and blue corresponded to the first, the second, and the third eigenvalue calculated without sorting.

The third series of color maps was originated by allocating the three principal colors to the eigenvectors ν1, ν2, and ν3 corresponding to the sorted eigenvalues of the diffusion tensor red, blue, and green, respectively. The allocation was done that the colors red, green, and blue corresponded to the eigenvectors in x, y, and z, respectively.

In all described color mapping methods, x, y, and z are the axes of the measuring DW image data that are also the laboratory frame of reference.

The obtained result is that each pixel has a unique color, related to diffusion anisotropy reflecting fiber orientation of the white matter.\[[@ref1][@ref2][@ref12][@ref13][@ref20][@ref21][@ref26]\]

Results and Discussion {#sec1-3}
======================

White matter in diffusion tensor maps {#sec2-5}
-------------------------------------

The color maps are offering significant information and evidences about the anatomical structures found in the white matter of the brain. Indeed all types of maps reproduced the available diffusion pathways that were outlined along the highly organized commissural fiber bundles in the splenium of corpus callosum \[Figure [1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}. These tracts are connecting the posterior aspects of both cerebral hemispheres; these findings are consistent with known anatomy \[Figures [1B](#F1){ref-type="fig"}, [2B](#F2){ref-type="fig"} and in references\];\[[@ref31][@ref32]\] such available brain white matter fiber tracks are paralleled to the curvature of the splenium and divided lateral way to progress across several slices into the occipital cerebral lobe (forceps major, red tracks) and parietal lobe of the brain (blue tracks).

![(A) Three slices of color maps of diffusion tracking fibers of the white matter. The columns represent: (a) Color maps are based on the diffusion-weighted magnetic resonance imaging that was achieved using three principal colors (red, green, and blue) allocated in gray scale of the three different diffusion-weighted images, corresponding to three orthogonal directions x, y, and z, respectively, of the laboratory frame of reference. (b) Color maps are obtained by assigning the three principal colors (red, blue, and green), respectively, to the images corresponding to three derived eigenvalues λ~1~, λ~2~, and λ~3~, respectively, of the diffusion tensor. (c) Color map obtained by assigning the three principal colors to eigenvectors ν~1~, ν~2~, and ν~3~ of sorted eigenvalues of the diffusion tensor. The color maps show the orientation of diffusion fiber tracks colored red and blue in the splenium of the corpus callosum. The colors reflected tracks that are best viewed in (c and b) respectively. The complete anatomical localization of tracks is displayed in the slice that crosses through the splenium. Tracks that traveled through the splenium were observed to split into two sets laterally and were color coded based on the pathway into the lateral. (B) Anatomical slices reflecting organizes brain tissue fibers are found in the color maps derived from diffusion tensor parameters and diffusion tensor magnetic resonance imaging derived parameters. The anatomical maps demonstrated the superiority of the eigenvectors maps in [Figure 1A](#F1){ref-type="fig"} (c) since it demonstrates the perfect delimitation of the caudate nucleus, corpus callosum, splenium, and early optical nerves](JMSS-8-73-g015){#F1}

![(A) Color maps are shown at the compartment level of the brain stem including (a) Color map based on the diffusion-weighted magnetic resonance imaging that was obtained using three principal colors (red, green, and blue) allocated in gray scale of the three diffusion-weighted images, corresponding to three orthogonal directions of the laboratory frame of reference x, y, and z, respectively; (b) Color map derived by assigning the three principal colors (red, blue, and green), respectively, to the images corresponding to the eigenvalues λ~1~, λ~2~, and λ~3~, respectively, of the Diffusion Tensor; and (c) Color map obtained by assigning the three primary colors to the eigenvectors ν~1~, ν~2~, and ν~3~ corresponding to the sorted eigenvalues of the diffusion tensor. The mapping results show major tracts within three different consecutive slice levels including the medulla, pons and midbrain, brain stem. (B) Anatomical slices reflecting organized brain tissue fibers found in the color maps derived from diffusion tensor parameters and diffusion tensor magnetic resonance imaging-derived parameters. The anatomical maps demonstrated the superiority of the eigenvectors maps in [Figure 2A](#F2){ref-type="fig"} (c) since it demonstrates the perfect delimitation of the medulla, pons, midbrain, optical nerves, and brain stem tracts](JMSS-8-73-g016){#F2}

Figures [1A](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"} show nine representative slices of color maps obtained using the three color mapping approaches. It is well remarkable that the DTI-based color maps (columns b and c) demarcated within the brain white matter a more complex substructures compared to DWI-derived color maps (column a). The signal intensity in the color maps elucidates the magnitude of the diffusion anisotropy and provides higher differentiation of contrast between the brain\'s white matter and gray matter; in addition, the colors, which specified orientation of fiber tracts, were used to differentiate various tracts within the brain\'s white matter. This was best seen in the color maps based on the three eigenvectors corresponding to the sorted eigenvalues.

Reconstruction of brain anatomical features on diffusion tensor color-based maps can be more considered in 3D-trajectory data that would provide reconstruction of brain\'s white matter fibers; this would be possible using the eigenvector maps. In the DWI, the best-structured white matter tracts (e.g., splenium and corpus callosum) reflect the same findings on the maps of the eigenvalues and eigenvectors; this could be attributed to the accidental orientation of these structures along the axis of the frame of reference of the laboratory.

A change in orientation of this structure would reflect completely different color distribution on the maps, which has to correspond to the new orientation situations.

Brain stem in diffusion tensor maps {#sec2-6}
-----------------------------------

Scoping the observation on the central area of the color maps confirmed the same findings underlined the brain\'s white matter (previous section).

[Figure 2A](#F2){ref-type="fig"} is showing the results of tracks of the major brainstem fibers including corticospinal tract, medial lemniscus, middle cerebellar peduncle, and superior cerebellar peduncle. The color mapping result shows clearly the superiority of the eigenvector maps since this provided high qualitative conformity with known standard anatomical data \[[Figure 2B](#F2){ref-type="fig"}\].\[[@ref31][@ref32]\]

Gray matter in diffusion tensor maps {#sec2-7}
------------------------------------

The gray matter is known for its isotropic diffusion characteristics; this was well reflected in the eigenvector maps. The DWI and the eigenvalue color maps which have areas (the cortical area) that are completely isotropic are still showing anisotropy features suggesting higher organization of this tissue \[Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\].

When referring to the original information on which these color maps are based, three important remarks have to be recorded:

The color maps derived from DWI showed better colorful features which lead to more congenial images. Then again, these DW derived images are based on signal data that were contaminated by factors unconnected to diffusion such as T2-weighting and proton density; indeed the diffusion phenomena itself is not the best characterized by the DWIs along three spatial directions of axes that are used as starting data for all derived mapsThe color maps based on the eigenvalues of the diffusion tensor offer information concerning the values of the diffusion in the diffusion frame of reference instead of the laboratory frame. Such is the case of derived maps from the three components of the diffusion tensor measured in the laboratory frame of referenceThe color map derived from the eigenvectors of the sorted eigenvalues has expressed more explicit colors; it is established on a better characterization of the diffusion anisotropy and fiber tract orientation (full diffusion tensor). Therefore, it should be more reliable.

Diffusion tensor maps and general anatomical correlations {#sec2-8}
---------------------------------------------------------

Indeed, the anatomical and DTI results showed high correlation of the white matter tracts showed in all DTI-derived maps. However, DT maps based on eigenvectors demonstrated best delineation of white matter fiber tracts followed by eigenvalues weighting maps and lastly by color maps-based diffusion-weighted MRI that was obtained using the three principal colors where red, green, and blue were allocated in gray scale of the three diffusion-weighted images, while corresponding to the three main orthogonal referential directions x, y, and z, respectively.

Thus, the optimum anatomical delineation was obtained for the following white matter tissue where the maps did show the orientation of diffusion fiber tracks in red and blue within the splenium of the corpus callosum. The common anatomical localization of fiber tracks is shown in the slice that crosses through the splenium anatomical entity. Indeed, fiber tracks that traversed through the splenium were observed to split into two sets laterally and were color coded based on their pathway into the lateral side. Hence, the anatomical slices reflecting organized brain tissue fibers were found in the color maps derived from diffusion tensor parameters and diffusion tensor MRI-derived parameters. All anatomical maps demonstrated the superiority of the eigenvectors maps in [Figure 1A](#F1){ref-type="fig"} since it demonstrates the perfect delimitation of the caudate nucleus, corpus callosum, splenium, and early optical nerves.

The mapping results showed major tracts at three consecutive slice levels such as the medulla, pons, and midbrain; this was well correlated to anatomical slices reflecting organized brain tissue fibers found in the color maps derived from diffusion tensor parameters and diffusion tensor MRI-derived parameters. The anatomical maps demonstrated the superiority of the eigenvectors maps in [Figure 2A](#F2){ref-type="fig"} since it demonstrates the perfect delimitation of the medulla, pons, midbrain, optical nerves, and brain stem tracts \[[Figure 2B](#F2){ref-type="fig"}\].

Conclusions {#sec1-4}
===========

Indeed, an extreme existing correspondence is established between the DTI data in the color maps and the fiber tracts\' orientation of known anatomical structures of brain tissue (e.g., corpus callosum and gray matter). In the meantime, rotationally invariant quantities such as the eigenvector components of the diffusion tensor reflected the best real orientation found in the studied tissue.
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